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A CLOSE LOOK AT CONNECTION ERRORS IN 
^ CAPACITANCE MEASUREMENTS 

The growing interest in capacitance 
measurements both of higher accuracy 
and of smaller capacitance has led to a 
r(‘-examination of some of the problems 
involvcMl in the precise and accurate 
measurement of small capacitance. It 
has been evident for sf)me time that 
errors and uncertainties of the order of a 
few tenths of a pic<»farad were present 
in most measurements of two-terminal 
capa<Mtors.* Such errors are not very sig¬ 
nificant in the calibration of standard 
capacitors as long as the capacitance 
exceeds 100 pf and the desiretl accuracy 
is no greater than 0.1%. .\ny attempt 
however, to calibrate smaller <*apacitors 
to this accuracy, or to increase the accu¬ 
racy of other calibrations, deman<ls a 
^ i'onsideration of the accuracy limitations 
im|)osed by the connection errors in 
the usual tw(>-terminal measurements. 

*Tbr common I’spBritor U hrrr rh*nirtpm«d RpvtnficaUy 
M tw-rv-tmtiinal h^une m thrrr-trrtmmU capneiinr triU 
introdured and defined later. 



As our capacitance mea.surements and standards move toward the millionth 
part of the millionth part of the millionth part of the farad (10 ** f), we have 
found increasing advantage in following the lea<l of the National Bureau of 
Stjuidards and others in calling lO '^ farad a picofarad instead of a micromicro¬ 
farad. A pri\'ilege most prized by pro|xment8 of the picofarad is the right to 
write the abbreviatecl abbreviations 1 pf instead of 1 g/if for 10*’* farad and 
1 Mpf instead of 1 for 10*’* farad. 


\ 

\ 



The problems arise from the connec¬ 
tions that must be made to a capacitor 
ill ortler either to u.se or to measure its 
capacitance. The capacitance is, of 
course, determined by the geometrical 
configuration of the conductors (and by 
the diele<*tric material, which will here 
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l>o a^sunic^l to have simple and con¬ 
stant cliaracteristics). (Jnly when one 
conductor completely sunounds the 
other is the capacitance simply deHnwl 
by the form and nature of materials 
inside the capacitor. .\s soon as the 
Icrininals riM.|uired for use or measur('- 
mi*nt are provided, these terminals a<ld 
increments to the capacitance, which 
dep<!nd upon the nature and ]M>sition of 
<»bjt‘ct.** e.\ternal to the capacitor and 
which are scddom easy to define or 
control. 

As an exami)le of this, consider a 
typical capacitor construcUsl as shown 
in Fij>;ure 1.* 'fhe capacitance has been 
broken, as a somewhat arl)ilrary first 
approximation, into four components: 
t'o, the capacitance of the mnltiph^plate 
capa<'itor and leads within the case; Tj, 
the capacitance fx'tween the external 
bindiiiR posts: C,, the capacitance be¬ 
tween the hiu:h terminal and the case, 
which is connwte<l to thi' other termi¬ 
nal: the capacitance between the 

hip;h terminal and all objects external 
to the capacitor and its terminals, lypi- 
cai of the matjnitudes of these com¬ 
ponents are the vahi(‘s = l(K) pf, 
Cy =fh-J pf. r’a I ^ M P**- 

Tin* “free” capacitance of this eafiaei- 
ttir, i.e., the capacitance of the isfdated 
capacitor with no conm*ctions to the 
terminals, is the sum.* -f T, 4 * Cn -f T 3. 
The capacitance ^o, beiiiK surroumled 
by the cas<», is independent of the posi¬ 
tion of exti'rnal objects. 'Phe <*apacitance 
between terminals is influem’ed only 
by intrusions very close to or between 
tin* terminals. But ^3, and to a lesser 

*Tbii* I hr •*»nirnut' uwl untit rrrrntly in llw Grtirml 
KmiIim Ttm. 1401 Stnmianl Air C'.nn«fitoi^. 

*W|i 4 in ibo r 4 i|»(M*ifnr If itol.ntiMl, C 3 i» thr mpin’itiinrr lo 
infinity Thi'-iimliUTapnrit»nrrfroni tin* low trmiinMlto 
infinity in in wrir* with in the ‘’fnt*'' p»|»nntnn«‘r, hut 
it mn Ik* nr«li‘rtM hrnr brenu-M* ihir rw|>aritiiiu*K tn 
finity nnirh livrirrr ihnii Ta when thr low tmiiiinil id 
ri>niu*rt»il to Ihr ra|B»ritiir roM* iincl i^ inrtnitr whm thr 
low irnninul »!» irrouli'h'*!. u« it usimlly i^ in two-torniilinl 
liti*(i«tirrn«rnt<*. 


extent Co, can readily be affected by 
more distant environment of the capaci- ^ 
tors, an<J variations of 0.01 pf or more 
can re.sult from a slight change of 
position. 

More radical changes in these ex¬ 
ternal capacitances an* produced b}^ any 
connections made to the terminals. A 
wire connected to the high terminal, for 
example, obvicaisly intnKluccs new com¬ 
ponents of capacitance lK»twt*en the wire 
and the capacitor parts. It also, not so 
obviously, re<lucos the “free” capaci¬ 
tance by as mucli as 0.1 pf by changing 
the distribution of field around the 
terminals, Th(*re is a similar reaction of 
the capacitor on the connections, which 
makes the capacitance of the leads when 
connect€*d to tin* capacit<ir differ from 
that of the loads alone. IndfK*d, thecom- 
ple.xity of this mutual interaction kssuch 
that it is impractical to define the ilivid- 
ing line between ca|)acitor and leails ^ 
with a precision much l)ettpr than 4= 1 pf. 

A consideration of these* difficulties 
suggests several possible methods of 
measurement in which the (*iTors and 
uncertainties can be reduced or climi- 
natcfl in order to obtain accuracy in the 
measurement of very small capacitances. 

Three of these methods of calibration 
which have bcxai us(h 1 at the General 
Radio Company will be reviewe<i hen* 
with regard to their limitations in 
accuracy. 

1. Capacitance Added (Insertion Ca¬ 
pacitance). 

Since the capacitance of the two-ter¬ 
minal capacitor depends upon the en¬ 
vironment of the capacitor and upon 
the methfxl of connection, an accurate 
calibration can be made only by defining 
with sufficient precision the gc*ometr>' 
of both the environment and the conne<‘- 
tions. f^ne practical method of achieving 
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high accuracy is to calibrate in terms of 
the capacitance change at a pair of ter¬ 
minals when some? change is made in the 
capacitor or its position. Two measure¬ 
ments are recjuirtKl to determine the 
capa<‘itance change, and, hence, terminal 
conditions for both measurements must 
be either invariant or precisely specifietl. 
When the capacitor has variable capaci¬ 
tance, the shielded internal capacitance 
can bo varienl in an environment <le- 
termined solely by the capacitor con¬ 
struction ; while the external capacitances 
at the terminals, although depamdent 
upon extenial connections and environ¬ 
ment, can easily be held so constant 
during the capacitance change that they 
make no appreciable contribution to the 
ditTerence. Such variable capacitors can 
be calibraietl^ in terms of the capacitance 
added or removed by rotation of the 
capacitor plates with essentially no limi¬ 
tation of accuracy by connection erroi*s. 

When the capacitor has a fixo<i capaci¬ 
tance, a calibration of high accuracy of 
the capacitance adde<l recpiires that the 
capacitor be connected with speci(ie<l 
leads to a specified set of terminals. For 
example, the General Radio Tvpk 1400 
Staiulard Capacitors are calibrated in 
terms of the capacitance they add when 
the banana plugs on the capacitor are 
pluggcnl into General Radio Type 038 
Binding Posts with ?^-inch spacing. 
When the connections are made with 
re;usonable care, the reproducibility of 
measurement is better than 0.1 pf. 

For greater accuracy the environment 
of the terminals must also be defined, 
for any change in terminal position or 
panel size (which results, for example, 
from the iLse of difTerent bridges or of 
terminals on an external capacitor in¬ 
stead of the bridge terminals) can pro- 

«Tlir CJonorHl Radio Tyfk 7‘22-Mn and Ttpk 
Pr**ri»*inn r'nrmcitors lire ralibratod id Iitihs of cnpaid- 
imuf removed. 


duce a change in the measured capaci¬ 
tance. The value assigned to the capaci¬ 
tor is the dilTerencc between two bridge 
measurements: the first with the bridge- 
terminals open, and t-he second with the 
capacitor connecteil to the terminals. In 
the second measurement the capacitor 
case and bridge ptuicl are usually effec¬ 
tive in shielding the bridge terminals, so 
that this measurement is not very sensi¬ 
tive to changes outside the radius of a 
few inches. 1lie capacitance of the open 
bridge terminals in the first mi^asure- 
ment (mid of any open terminals on the 
capacitor, such as those on top of the 
I40tl ('apacitors) is affected to a greater 
extent by panel size and terminal 
po.sition. 

The General Radio Type 1401 Stand¬ 
ard Air Capacitor is another e.xiimple of 
a fixed capacitor calibrateil in terms of 
the added or “insfirtion^* capacitance. 
These capacitors are now being matle, 
as .shown in Figure 3, with banana-plug 


Figure 2. Two mefhodt for the meoturement of copoc- 
itonce added. The copocitonces shown represent only 
major components in the complete expression of the 
self and mutual copocitonces of rhe terminals. 

INITIAL MEASUREMENT FINAL MEASUREMENT 



METHOD A 



AC*Cc'^Ci-Cp 



BOTH METHODS 
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terminals on the case, similar to those on 
the Type 1409 Capacitors. In previous 
production the Type 1401 Capacitors 
have had the jack-top Type 938 BiiKlin^ 
Posts on their cases, and two double- 
ended banana plugs have been providc<l 
with each capacitor to connect it to 
another pair of similar binding posts. 
With these connectors two differeni 
methods of addcd-capacitancc calibra¬ 
tion can be made. In the first method, 
shown in Figure 2-A, the initial mcasure- 
miMit is made with the bridge terminals 
open and the final measurement udth 
the capacitor connected by means of the 
iloubk'-cmded plugs. In the second 
method, shown in Figure 2-B, the initial 
measurement is mml(* with the plugs in 
the bridge terminals and the final with 
the (capacitor added to the plugs. 

This choice of methods has in the past 
resultetl in some confusion. The National 
Bureau of Standards has used the second 
method (plugs addeni to the bridge) in 
its calibrations of these capacitors, 
but the General Radio Company hfis 
given on its calibration certificates a 
correction of the certificate value to ol>- 
tain the capacitance when the capacitor 
is connected by the first method (plugs 
luldeil to the capacitor). The capaci¬ 
tance value on the certificate was ol)- 
tained by the fine-\nre-connection 
method described in this article, and the 
capacitance measured by the first method 
is 0.35 pf larger than the certificate 


Figur* 3. Type 1401 
Fixed Air Copocitor os 
now supplied. 


value. WTien the second method is used, 
tlie measured capacitance is 0.7 pf lower 
than that of the first method because* 
the capacitance added to the bridge ter¬ 
minals by the plugs in the initial meas¬ 
urement (Cp 4- Cp — Cb in Figure 2) 
is 0.7 pf. In neither method is the added 
capacitance the same as the “free” 
capacitance.* In the first method the 
added capacitance is greater than the 
“free” capacitance because of the capac¬ 
itance, Cp, added by the plugs. In the 
second method the added capacitance is 
le.ss than the “free” capacitance because 
the connection of the capacitor removes 
from the final measurement the capaci¬ 
tance, Cp, between the ends of tlie 
plugs that was included in the initial 
measurement. 

To avoid both this choice between 
connection methods and also the limita¬ 
tions of the fine-wire-connection method, 

•Thi* valnr on I hr rrrtihrnlr, obtained by the fine-wire* 
c<innrriion o\rthod, al»o difTcr* by about 0.2 v( from the 
••free” raparitanre for roajtnnfl explained in thifl article. 



Figure 4. Measurement of “free" capacitance by the Rota and Oortey methad. 
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the 1401 Capacitors are now provided 
with only hanana-pliig terminals, and 
they are calibrated by lK>th the National 
Bureau of Standards and General Radio 
Company, as the 1409 Capaeitoi*s are, 
in terms of the capacitance mldcni when 
the capacitor is plu^^ed directly into 
General Radio type binding posts. 

2. “Free” Capacitance. 

In the attempt to define a capacitance 
with high accuracy, an alternative to the 
method of specifying with suflicient pre¬ 
cision the geometr>' of the connections 
is a metlaxl which eliminates all con¬ 
nections and defines the “free” cai)aci- 
tance of the capacitor with all disturbing 
connections and surroundings removed. 
In this method the difficulties of meas¬ 
uring the capacitance of a capacitor, 
isolated from its surroundings and with¬ 
out connections, are sul)stitut(Hl for the 
difficulties of controlling the g(H>metr>* 
of the c’onnections and the environment. 

It is |H)Ssible to determine this “free” 
capacitaiii’c by evaluation of the di.s- 
lurbing effects of the connections and 
application of a correction for thest^ 
effects to the measurcMl capacitance. A 
melh(Ml for doing this has Ix^en described 
by Rosti and Dorsey.* The effects of the 
connections can be eliminatiMl from the 
measurement by the use of two sets of 
connecting leads which are not ne<-essar- 
ily identical but which have no mutual 
interaction. .\s a simplifie(J illustration 
of this method, consider the arrangement 
shown in Figure 4. The capacitor to be 
measurwl has a “fre<»” cajMicitance 
w’hich includ(»s o.xternal components 
corresponding to G,, Co, C 3 in Figure 1 . 
For simplicity only the high terminal, 
T, is shown in Figure 4, but the ground 
connection to the casc^ and to one side of 

•K. U. Kown nnti N. E. “A Nrw I)<<tt*rtuinntion 

of ti»« Uatin of the Electron in iciietir t<> the Elcrironlatir 
I’nit of Klr-rtricity," Bull. Bureau of Stand., Vul. 3. Nob. 
3 und 4. 1U07. 


the capacitor shown in the figure can be 
made to a second, similar terminal on 
the capacitor. A first measurement is 
made with connecting wire A connocU»d 
to the terminal and to the bridge and 
with wire li remove<J. The measured 
capacitance is Ci = -f -F AC^ -f- 
Cx —AC;y. a similar measurement with 
wire B connected and A removed gives 
C -2 = c; + 4- AC's + Cx - AC?, 

where 

+ Ch is the mea.surcd capacitance 
of leaxls, bridge, etc., when both wires 
.4 and B are removed, 

AC^ and AC^ are the increments 
added by wires .4 and B, 

ACjy and AC^ are the changes in Cx 
resulting from thepre.senceof-4 and of B. 

With both wires .4 and B connected 
to the terminal the capacitance meas¬ 
ured is Ci 2 = Ca + Cu -F AC^ + ACii -F 
Cx —ACx - ACy. Thf'se relations can 
be combinefi to show that Cx ** Ci -f 
C 2 -Cu - (C; + Cfl). The “free” ca¬ 
pacitance Cx determined 

from four measuri»d capacitances, Ci, 
f 2 , Cu. and C® -F Cj. 

In this derivation the wires A and B 
are assumetl to have no mutual inter¬ 
action, e.g., the capacitances AC^ and 
ACa are not altercni by the addition of 
wire B when Cj 2 is being measured. In 
the simple connection shown in Figure 4 
there is .somi' mutual effect (which can 
with care Im* kept below 0.01 pf), but in 
a spherical capacitor such as that u.sed 
by Rosii and Dorsey the two leads can 
thoroughly shiekk^l from each other 
by their locations on op|X)site sid(*s of 
the .sphere. The assumption that the 
calculated Cy is the “free” capacitance 
further requires that the initial measure¬ 
ment of Cj -F Cj l>e made with all meas¬ 
uring apparatus so far removed from the 
terminal T that it has no significant 
effect on the capacitance. In practice it 
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Figur* 5. Diogrom of coonoction motbod uting a 
flno wiro. 


is flifficult to approximate this coiulition 
to l>olter than 0.01 pf unless, as in the 
Rosa and Dorsey capacitor of concentric 
spheres, one of the conductors surrounds 
and shields the other. 

Allot Iter method which removes most, 
but not all, of the efTects of the connec¬ 
tions is the fuie-wir(‘-connection method 
df^scribed by U. F. Field. In this metluxl, 
as shown in Figure 5, the connection be- 
twecMi the bridge and the high terminal 
of the unknown capacitor is made by a 
wire of small diameter pivoted near the 
bridge terminal so that its separation 
from the capacitor terminal can bo 
varied. An initial measurement is made 
with the wire separated from the ter¬ 
minal by a distance h. With the assum|>- 
tion that the capacitance l»etween 
the wire and terminal is small compared 
to the unknown so that C 
C,) ^ the measured capacitance is 
^ "b "here Cj is the capaci¬ 
tance Ix'tween wire and ground when 
the .separation is h. Wlien the* wire is 
moved in to touch the terminal, the 
capacitance (\ becomes infinite and the 
capacitance between wire and ground 
increases to The mc*asunHl capaci¬ 
tance now becomes f o “ T 
unknown capacitance can thus l>e ri*- 
laiotl to the measured values Ci and Cn 

*n. F. Fi«*ltl. "CVinuM-tirtU KiTr<i>inf’Ap«ritHiH'P.MrA>*ure- 
i«rnt»>,'' Grurrtil UnJiv Exvrrinn-itUr, Vol. 12. No. 8, 
Janunrv, lO'IS. pp. 1«4; rc|)natrU: Vol. 21, No. 11, April, 
UM7. pp. M. 


by AC =C2-C, -C,+ (C^-Ct- 
C\). At some particular distance the ^ 
capacitance (\ is equal to the change in 
Cg as the wire is moveil, i.e., C\ — (fg — Cj, 
and the term in parentheses vanishes, 
leaving simply = Co — Ci. 

When the wire is curved and pivoted 
at the bridge (»nd to approach the capac¬ 
itor terminal from above in the manner 
de.s<Tibed by P'ield, tin* change of AC 
with h is fairly linear, as shown in Figure 
f) from Field’s article. A plot of AC 
against h can then lx? extrapolated to 
/i = 0, where AC = C,, and the value 
of h which corres|K)nds to this AC was 
found by Field to be inch. The differ¬ 
ence between the two capacitances 
measured with the wire touching the 
terminal and then abov^e it 

should, therefore, be the value C^ of the 
unknown capacitor. 

This meth(Ml is simple and useful for 
calilirations wliere uncertainti(*s less than ^ 
0.1 or 0.2 pf are not significant. It has in 
the past been used in the calibration of 
our Tvpk 722-D Pr(*cision C'apacitors, 
w'here the direct-reading accuracy limit 
is ±0.1% or ±0.2 pf,* and in the cali¬ 
bration of Typk 1401 Standard Air 
Capacitors, with a limit of ± (0.1% ± 

0.1 pf). There are, however, several 
reas4ms why this metho<i has connetttion 
errors which can Ik* of the order of 0.1 
pf. In the first pla(*e, even in the ab¬ 
sence of other errors, the capacitance 
nieasurf*d, C,, is not the “free” capaci¬ 
tance (C^), but the capacitance (CJ) in 
the [)resencc of the connecting wire.* 

Even though tlie ,adde<l capacitance to 
ground of the win* luis lK»en eliminat(*d 
from the measurem(*nt. the wire still 
reiluces the capacitance of the terminal 

•Nrtie that the* mtaloji «rrurary limit of ± 0.115 pf for the 
TrrB 722-ME I*re<’i*ion (*ii|»ri!or refer* to caparitiuirr 
ronxivc^l. that U, to a ealihratinn with the oapacitauee 
varied but the eutioertion* iitirhaiiKed. 

•Thi* WU5 pointful out to um by Dr. F. R. Kotter of the 
Nutioimi Rureuu of .Standard*. 
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from its “free” value by disturbing the 
field around the terminal and, henee, 
the charge distribution on it. The tine- 
wire connector used by Field makes the 
measured capacitance of the Typk 938 
Binding Posts on Types 1401 and 722 
Capacitors about O.I pf k*ss than the 
“free’* capacitance, i.e., Cg = C’Jf' -f 
0.1 pf. 



Figur* 6. Dstarmination of unknown copocitonco Cg 
from AC mooturod with fino-wiro connoctor. Al 
h ^ yi Inch C, SK AC. (From Flold popor^) 


A recent analysis of the component 
capacitances in the fine-wire method 
with a threoterminal capacitance bridge 
has reveakni that even the (‘apacitance 
in the pn^sence of the wire is hard to 
determine without errors of the order of 
0.1 pf. The mea.surements were made on 
a capacitor which was externally identi¬ 
cal to a Type 722-0 Precision C’apacitor 
but which had internal, guarded con¬ 


nections to the terminals to permit 
measurement of the “free** capacitance 
and the effects of the connector upon it.** 
To .simulate the stray capacitances to 
external grounds in two-terminal meas¬ 
urements. the three-terminal measure¬ 
ments were ma<k‘ with a wire cage 
(30" X 30" X 30") surrounding the capac¬ 
itor and its connections and connected 
to the “ground** terminal of the capac¬ 
itor. 

The measured capacitances, C,, Cj, 
Cj + C*. and AC - Cr + - (Cj+C*), 

are plottcnl in Figure 7 as a function of 
the separation h between wire and 
UTminal. For convenience, the capaci¬ 
tance level has l)een adjusted to make 
Cg =100 pf. The iippiT cun’e shows 
the variation in Cg as the wire moves 
away from the terminal, with an increase 
of about 0.1 pf as the influence of the 
wire vani.shes with increasing h. The 
next curve shows the results of the fine- 
wire methml, with AC plotted as a 
function of h. 'Fhe lower curve's, with 
the level of the capacitance axis shifted, 
show the variations of the wire capaci¬ 
tances, Cj and Cy + C^, with h. 

The fine-wire method, when corrected 
for the effwts of the wire on C,., pre- 

*®TJiwi 4» mninurt’tnont* chct-kwl within d;0 01 pf by 
a iiifn»ttrptnpiit of "frcr” I'uparitatirc by the Un«a and 
Dorwey method. 


Figur* 7. VoHotien of mooturod 
copacitoncot with flne-wiro con« 
nector at a function of tho tepo- 
rotion h. 



SEPARATION h iN INCHES 



lET LABS, INC in the GenRad tradition 

www.ietlabs.com 

534 Main Street, Westbury, NY 11590 TEL: (516) 334-5959 • (800 ) 899-8438 • fax: (516) 334-5988 

























































GENERAL RADIO EXPERIMENTER 


10 


diets Uiat, at the distance which makes 
Cg -h C\ = ("I, the capacitance ditTer- 
ence AC will be equal to t/?'. In Fi^ire 7 
this condition is shown to be satisfied at 
a distance h = 2 inches. Any attempt, 
however, to determine here by extra¬ 
polation of the AC curve to h = 0 en¬ 
counters difficulty because the curve is 
not very linear. Examination of the Cj, 
Cj + Cft, and C, curves .shows that C^ 
does, as expected, cause deviation from 
linearity at small /i, that Cj is itself not 
linear for h less than about 2.5 inches, 
and that Cj. is not constant with /i, as 
assumed in the derivation of the method. 
In the rej^ion beyond 2.5 inches is 
almost constant and Cg relatively linear, 
as desire<l, and it seems possible that a 
linear region beyond the range of the 
graph might extrapolate to at h = 0 . 

The important point, however, is the 
obvious difficulty in determining C”’ by 
this method without variations of 0.1 pf. 
Attention should also be directed to the 
dilTerence between the AC value at the 
J^-inch separation and the values of C^ 
and C^. With the J^-incIi spacing, the 
fine-wire method wouUl giv'e under these 
conditions a capacitance 0.14 pf less 
than the capacitance CJ* in the presence 
of the wire and 0.25 pf less than the 
“free” capacitance Cf. These results of 
three-terminal measurements in an en¬ 
vironment which approximates two- 
terminal conditions can be altered 
slightly by the differing environment in 
a true two-terminal measun'inent, lait 
our re.sults .show no significant clmnge in 
the onler of magnitude of these dif¬ 
ferences. 

The conclusions to be drawn are, 
therefore, that the fine-w ire-connect ion 
method is not satisfactory for the de¬ 
termination of either the “free^’ capaci¬ 
tance or the capacitance in the pre.s<*nce 
of the wire with errors less than 0.1 or 


0.2 pf unle.ss considerable care is taken 
in both making and correcting the 
measurements. As in the other methods 
of making connection to two-terminal 
capacitors, the results aie reproducible 
with a precision of 0.01 or 0.02 pf if 
adequate care is taken to keep the 
geometry of the connections invari.ant. 
I'he fine-wire method can, thereiore, be 
used to calibrate in terms of added 
capacitance with an accuracy of better 
than 0.1 pf even though it is not this 
accurate in the determinat ion of an ali- 
solutc value. 

3. Direct Capacitance of Three-Terminal 

Capacitors. 

The uncertainties and errors in capaci¬ 
tance measurements considennl here 
have been the result of the v’ariations 
in terminal capacitances produced by 
changes in the connections and in the 
environment. These problems associated 
with the capacitor terminals can be 
eliminated if the terminal capacitances 
can be separated from the capacitance to 
be defined and mea.sureil. One way of 
doing this is to introduce a third con¬ 
ductor as a shield or guard which com¬ 
pletely surrounds all of at least one of 
the pair of conductors forming the 
capacitor to be measured except the 
area which produces the de.sired direct 
capacitance. The pair of conductors of 
the original capacitors and the added 
shield form a three-terminal capacitor^ 
such as the one .shown in Figure 8 , along 
with its equivalent circuit. 

The addition of the shield changes 
the capacitance that existed between 1 
and 2 before the introduction of the 
shield by altering the field, and it also 
re.sults in new capacitances, Cj 3 and C 03 , 
between the original conductors and the 
shield. If the shielding is complete, how¬ 
ever, the capacitance Cyj. i*^ inde- 
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Figur* 8. Diagram and 
tchamotic of 3>tarmi- 
nol capacitor. 




pendont of the surroundinRs outside the 
shield and connections to the terminals 
1 and 2 can affect only and C23. The 
direct capacitance €^2 — usually referred 
to simply as the capacitance of the 
three-terminal capacitor — is, therefore, 
quite definite and not subject to the 
connection errors which trouble two- 
terminal capacitors. 

Note, however, that if in this three- 
terminal capacitor one of the capacitor 
terminals, .say 2, is connected to the 
shield, 3 , the capacitor reverts to the 
usual two-termival capacitor^ with ter- 
minab; I and 2 . The capacitance C23 has 
thus iHM'n shorted; the capacitance C13 is 
now parallel with C12, and the capacitor 
has the capacitance C = C13 4 - C12. The 

Figura 9. View of the Type 722>CD Three>Terminol 
Preciftion Capacitor. Outer conductors of Type 874 
Coaxial Connectors provide the shield. Inner con¬ 
ductors are the capacitor terminals. 



/ 


capacitor is, thus, equivalent to that 
.showTi in FiRure 1. AlthouRh ri 2 is still 
shielded from extenial influences, C13 is 
a function of connections and environ¬ 
ment, and the total capacitance meas- 
ure<l is subject to the variations de¬ 
scribed previously for such two-terminal 
capacitors. 

The welWefmed direct capacitance 
of the thre<*-lerminal capacitor is of 
practical use in a capacitama* standard 
only if it can be rneasurc^d with high 
accuracy and with reasonable ease. A 
bridRC with transformer ratio arms is 
well-suited for just such measurements.** 
In the transformer bridRe shown in FiR- 
ure 10, the unknown and standard capac¬ 
itors are driven by emf’s of opposite 
phase and knoum ratio from a tappcnl 
transformer secondary windiiiR, and the 
difference in the capacitor currents is 
measured by a deflector. When the 
bridpe is balancwl for zero current 
throuRh the detector, the currents 
throuRh the direct capacitances C12 and 
r, must Ik? e<|ual, and the balance rela¬ 
tion is Cx-j/Cf — n. Any capacitance, 
such as C23, across the dete<*tor has no 
effect at balance because thcTc is no 
|M)tential across it. Any capacitance, 
.such as Tja, across the transformer wind- 
iiiR will have ncRliRible effect on the emf 
as kniR as the output impedance of the 
transformer is small compared to the 

••The three-tprniinol ca|xiritor i»imI iU niranurcmcnt »rc 
well iliiwribiil l»v A. M. Thnminoti. “The Meox- 

urrment of Small C'anQcitanc«».“ I. R. K. Trarwaction.^ 
on Imitrutrcntation. \’oI». 1-7, Noe. 3 and 4. Dec.. 1058. 
pp. 24.V253. 
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loaci rinictance of the capaeitors. Bridges 
with such transformer ratio arms have 
lH*cn t)uilt for the accurate measurement 
over a wide range of values of the direct 
capacitance of three-terminal capaci- 
toi*s.'* Dire(!t capa(!ita.nce can he meas¬ 
ured by several other null methods, such 
as thos(? using hridgeti-T anil twin-T 
networks. Most bridge networks can be 
adapted to the thri‘e-terminal measure¬ 
ment by the use of auxiliar>' bridge arms 
to balance the unwanted components,** 
but the double balance reciuired is never 
convenient and it is difficult to obtain 
accuracy when the direct capacitance is 
very small comparixl to the other capac¬ 
itances. In some bridges three-terminal 
measurements can also be made over a 
limitiMl range by connecting the un- 
wanteil capacitances across low-impcxl- 
ance arms of the bridge and across the 
generator or deti'ctor where the shunting 
effect is negligible.** 

In all thi'si* thri‘e-terminal measure¬ 
ment metluxls the connection errors in 
capacitance can be eliminated by having 

>*Thp TrrK UiUl-A Caiwi’iliime llriilKi.* ii» u trniuiforinor 
liritiKP cnveriiiK thr rntiK*’ from n to 11.000 pf. 

••Tlip TtfB 710-1*4 CiUHnl Cin*uil proviilw* the roin- 
IMiiimti* rri|uiru<J to nuiki* thrpf-trrtninnl meiuiurrmcnt 
until tlip Tyrr 7UW‘ Ctipanitanpp Itridicr 
*<Tliri*o-t4Tiiiinnl rripaMurptnontii ran lie iiuule with the 
Trrc tiiiprdiinrp Briditr in thU wny. 



Figure 10. Schvmotic of trontformor-rotio-orm bfidgo 
with 3-torminal copocitor connoctod for maoturomant. 

a complete external shield around at 
least one of the capaciPtr terminals. In 
Figure 10 the case of the capacitor and 
a shield lead from terminal 2 to the 
shielded detector complete the shielding 
around that terminal of the capacitor. 
A shieldeil lead to the other terminal is 
not usually retpiiretl to eliminate con¬ 
nection capacitances but may be needixl 
to prevent pickup from other sources. 
With such three-terminal mejusurements 
the measured direct capacitance should 
depend solely upon the construction of 
the capacitor and the accuracy of meas¬ 
urement should be limiteil only by the 
bridge or the reference standards used. 

- Joii.v F. IIersh 


Xext month new »3-t(*rminal capacitors, both fixed and variable, will be de- 
scribeii. In a forthcoming issue Dr. IIersh will continue the discussion of ac¬ 
curacy considerations and calibration methods for capacitance. 


VACATION CLOSING 


During the wivks of July 27 and 
August 3. our Manufacturing Depart¬ 
ments will be clo.s^eil for vacation. 

There will be business as usual in the 
Sales Kiigini'ering and Commercial De¬ 
partments. Inipiiries, including rec|uesls 
for technical and commercial informa¬ 


tion, will receive our usual prompt 
attention. 

Our Service Department requests 
that, because of absences in the manu¬ 
facturing and repair groups, .shipments 
of wiuipment to be repaireil l>e scheduled 
to reach us after the vacation period. 
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INCREASED ACCURACY FOR THE TYPE 1454-A 
AND -AH DECADE VOLTAGE DIVIDERS 


A n«w model of the Decade Voltage Divider, with an input resistance of 100.000 ohms, hos been mode 
ovailable. In oddition, the accurocy specification for these dividers has been improved by a factor of 
2.5. The factors affecting the accuracy are discussed in this article. 


The Type M54-A Dei*atle Voltage 
Divider was introduced in 1955* with 
accuracy specifications of 0.1% in 
voltage ratio d:0.()00(K)l. The intent 
was to take advantage of the inherently 
good characteristics of the Type 510 
Decade Hesistora and to keep the volt¬ 
age divider in the same price class by 
avoiding ex])ensive adjustment to clost^r 
limits. Since the tolerance on the resist¬ 
ance det'ades is d:0.05%, it is evident 
that the worst combinations can pro¬ 
duce an error in the voltage ratio of 
twice thi.s value, or ±0.1%. The .specifi¬ 
cation limits on the voltage divider were 
set accordingly. 

It was recognized that the catalog 
limit of error was very seldom ajv 
proac^lunl in actual service and most in¬ 
struments would readily meet tighter 
tolerance specifications. A recent study 
has shown that only a few of the com¬ 
ponent resisloi*8 are critical and that 
proper selection of these during as.sembly 
would enable us to guarantee a consid¬ 
erably higher accuracj', 0.04%, for ratios 

Uvan fj. Eimton, "An Arruniti? VoltfiRr DividiT for DC 
and Audio Gtnrrtil Radio Eritmmmtrrt 

Vol. 30. pp. 1-A, AuKUMt. 1055. 


alxive about 0.1 without appreciably in¬ 
creasing the price of the instrument. 

The additive constant t(‘rm of one 
part in a million in the expres.sion for 
the error, however, wa.s .still the limiting 
factor at low settings. This could amount 
to 1% at a ratio of O.tXXJl. This error is 
cau.sed by the contact resistance of the 
switches and is introducetl in the manner 
shown in Figure 1. In the Kelvin-Varley 
circuit used in this divider, the re-sistors 
of the s(‘cond decade parallel two adja¬ 
cent resistors of the first decade, and so 
on. It will be seen that, in the present 
arrangement of four decades, the volt¬ 
age drop of three switches in series ap¬ 
pears in the output cin^uit. 'riii.s causes 
a residual output voltage at the zero 
setting and an increased error at the 
lower outputs. 

The cure for this second accuracy 
limitation was suggested by the fact that 
the switch contact resistance was found 
to be remarkably constant. The resist¬ 
ance may increase by a factor of two 
or three when the instrument is not in 
use but returns f|uickly close to its 
initial value after a few operatioius. The 
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Figure 1. Schematic diagram of Type 1454 Decade 
Voltage Divider. 


accuracy of the divider at low setting 
can he jjreatly improved if a hucking 
voltage ei|ual to the average switch drop 
Is introduced into the output hntp. 

The contacl-<lrop halancing arrange¬ 
ment is sho\Mi in Figure 2. A small re¬ 
sistor, R, is placed in series with the first 
decade at its low end and the low output 
terminal is connected to the high side of 
the resistor. The low output terminal 
thus dilTers in potential from the low 
input lerminal by the voltage acn>ss the 
resistor, whicli is made cxjual to the 
switch l ontact drop. The voltage at the 
output terminals can he balanced to a 
negligible value by this arrangement. 
The balancing resistor is very .small, 
about h milliohms, so that its prf*sence 
is never noticed in ordinary u.sc of the 
divider. When highf^t accuracy is neede<l 
at low ratios, the user must remember to 
keep the input and output circuits .sep¬ 
arate. T1 h» user must also remember to 
turn each switch back and forth several 
times whenever the instrument is first 
usi*d. The tendency is to forget the first 


or second decade when these are left at 
the zero st'tting, but these contribute ^ 
th<* most to tlK‘ contact drop, since they 
carry more current, and must Ik* restored 
to normal resistance if the compen.siition 
si'heme is to be effective. 

Although the selcH’tion and matching 
of the comtw)nent resistors should insure 
meeting the new tolerances, a check to 
one part in lO*' is made of each ratio of 
each decade in the final inspection of 
the instrument. 

When maximum accuracy is recpiired, 
temperature effects must be allowed for 
and the input voltage must be reduce<l 
consiilerably below that corres|K)nding 
to the dissipation limit of the resi.stors. 

Since all resistors are of similar construc¬ 
tion and have more or l(*ss equal tem- 
p(*rature coefficients, the effects of ambi¬ 
ent tenifierature variations arc very 
small. The effects from .self-heating are 
not balanctnl out, however. Heferring ^ 
to Figure 1, it will be .seen that in the 
first decade between points 7 and U. 
which are bridgetl by the second decade, 
only half of the input current is carrietl. 

The resistors l>etween these points will 
have only one-quarter of the ti’mpera- 
ture rise of the others of the decade, 
causing an error in the output voltage. 

'Hie tempt*rature ri.se of the .second and 
following df*cades is much smaller and 
can be neglected. The temperature effect 
is largest at the zero position of the first 
deca<le. It has been fount! that, to keep 
the self-h(*ating error at this first posi¬ 
tion within the .specification limits, the 
input to the Type 14">4-A Decade Volt¬ 
age Divider shoultl be limited to 120 
vt)lts. The normal di.ssipation limit is 



Figura 2. Arranga- 
m«nt lor bolancing 
the switch contact 
voltage drop. 
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230 volte. Neither limit applies to the 
high-resistance model, Type 1454-AH, 


which has one-tenth the dissipation at 


a given voltage. 


— W. N. Tuttle 


SPECIFICATIONS 


Voltog* Rotio! .0001 to 1.0000 In of .0001. 
Acevroer* ±0.04% of ituiirntoci mtio, for in¬ 
put voltngfH hflow 120. Th(‘ voltiigi* dmp in 
swittrh conturtH :ui(! wiring is balaiK.'t^i out so 
that full ucrurary is maint.'iiiHHl down to tho 
lowest s(‘ttiuK, 0.0001. 

Lin«aHty: d:0.02%, of fuIl-SCalc setting. 

Fr«qu*ncy Chorocteristics: If the external cupacl- 
Uini*e pl.ieed aeross the output U‘rininais of 
Type l454-.\ is less than 50 fifJ, the frequency 
error is leas than O.P J. to 20 kc for any slotting. 
For the Type 1454-.\n, the fn^iuency limit is 
2 ke for the same capaeitant*e. 

Input Rusistanc*: TyPK 145‘1-A, 10,(MX) ohmsj 
Type 1454-.\1I. lOO.OtM) ohnw. 

Output Re«istonc*: Vurii's with output Setting, de¬ 
pending prtinarily on the setting of thi* liighest 
decade in use. 

Moximum Input Voltog*: 230 volts rms (or dc) for 
4(T C. rise of the ri'sistors of the input dt*eadc. 


Input voltjtge should l>e liinittNl to 120 for maxi¬ 
mum areunu*y. At miLximum rated volt^ige the 
total error eiui appro.aeh ±0.1%. 

R«<ifttanc« Unit*: Typk 510 Dccude-U(*sLstanre 
Units. 

Temperature Coefficient: Of the individual re- 
.slstors, les.s than drO.002% |s’r degree. Since 
the voit:ige ratios are deterniine<i by n«ist4>rs 
of similar construction, ambient tempcrratiin* 
effects are very snnUI. 

Terminals: Jack top binding tHt.sts with standard 
ft-inch spewing at input .and output. A s<*t»arute 
ground post is pnivid<*d, .to that the ciivider 
circuit can be used grounded or ungrounded, 
with the shiedd groui»ded. 

Mounting: Aluminum piuiel and ctibinet. 

Dimensions: (Isnigth) 15^:^ X (width) 5^ X 
(h('ight) 5 inches, over-all. 

Net Weight: 7 M pounds. 


Type Code Word Price 

1454-A Decade Voltage Divider (10,000 ohms). I AUAi K I $145.00 

1454-AH Decade Voltoge Divider (100,0(X) ohms).] .V1JA.SI] | 145.00 


WESCON 1959 


Cow Palace, San Francisco August 18-21 

When you atlond the Western Elec- Btattlis 2015 and 201 (i to see these new 
trolli<* Show and Convention, drop in at General Rmlio instruments: 


Type I()50-.\ 
Type 1521-A 
Type 130.5-A 
Type I(i32-A 
Type 1554-A 


Impetlance Bridge 
Graphic Levtd Recorder 
IxYW-Frequeney Oscillator 
Inductance Bridge 
Sound and \'ibration Analyzer 


I*Iach of these instruments has features 
of electrical and mechanical design that 
will interest von. jH^rformance specifica¬ 


tions that will please you, and the same 
high ({iiality of manufacture that you 
expect in General Radio products. 



Type 1650-A Impedance Bridge 

A wide-range, accurate, general-purpose? bridge, mea.suiing 
R, L and C. Completely new design with exclusive, iiatented 
Orthonull feature and self-containeel, transistorized generator 
and detector. See Experimenter for March, 1950, for fiuTher 
(ietails. 
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Type 1521-A Graphic Level Recorder 
Fully described in last month's (June) 
Experimenter. Higli-stMisitivity, single- 
channel recorder, which plots rms level 
of an ac signal as a function of either 
time or frequency. Simple to oiK*rate. 
C'ompletely transbstorized. 


Type 1305-A Low-Frequency Oscillator 

Sine-wave generator covering fre¬ 
quency range from 0.01 to 10(K) cycles 
per second. Single phase, threL»-phase, 
and four-phase output, with single¬ 
phase output continuously variable in 
phase from 0 to 3(i0®. Excellent stability, 
low distortion. To be descrilxxl in a 



forthcoming issue of the Experimenter. 



Type 1632-A Inductance Bridge 

Wide-range inductance bridge for the precise 
measurement and standardization of two-terminal 
gnmnded inductors at audio frecjuencies. Range is 
0.001 /ill to 1111 h. Normal accuracy is 0.1%. Con- 
venient to operate, has in-line read-out. Six-figure 
n'solution gives high precision. To be described in a 
forthcoming issue of the Experimenter. 


Type 1554-A Sound and Vibration Analyzer 

Mea.sures amplitude and frcH^uency of the individual 
components of waveforms between 2.5 and 25,000 cycles 
per second. Has brith 8% and oiu*-third o<*tave pass bands. 

Portable, batterj' ijowered, uses 0 tulies and 11 transistors. 

Can be used with sound-level meter, vibration meter, or 
microphone input for iu*oustic work, or directly as a gen- 
eral-purpost‘ electric-wave analyzer. To be described in a 
forthcoming issue of the Experimenter. 

Other Instruments 

Many other General Radi«» pnnlucts will lie on ilisplay, including Unit Instru¬ 
ments, Variac* autotransformers, and standards of capacitance and inductance. 



General Radio Company 
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